Huntington disease (HD) is an inherited neurodegenerative disorder caused by a mutation in the huntingtin gene. The onset of symptoms is preceded by synaptic dysfunction. Homeostatic synaptic plasticity (HSP) refers to processes that maintain the stability of networks of neurons, thought to be required to enable new learning and cognitive flexibility. One type of HSP is synaptic scaling, in which the strength of all of the synapses onto a cell increases or decreases following changes in the cell's level of activity. Several pathways implicated in synaptic scaling are dysregulated in HD, including brain-derived neurotrophic factor (BDNF) and calcium signaling. Here, we investigated whether HSP is disrupted in cortical neurons from an HD mouse model. We treated cultured cortical neurons from wild-type (WT) FVB/N or YAC128 HD mice with tetrodotoxin (TTX) for 48 h to silence action potentials and then recorded miniature excitatory postsynaptic currents. In WT cultures, these increased in both amplitude and frequency after TTX treatment, and further experiments showed that this was a result of insertion of AMPA receptors and formation of new synapses, respectively. Manipulation of BDNF concentration in the culture medium revealed that BDNF signaling contributed to these changes. In contrast to WT cortical neurons, YAC128 cultures showed no response to action potential silencing. Strikingly, we were able to restore the TTX-induced changes in YAC128 cultures by treating them with pridopidine, a drug which enhances BDNF signaling through stimulation of the sigma-1 receptor (S1R), and with the S1R agonist 3-PPP. These data provide evidence for disruption of HSP in cortical neurons from an HD mouse model that is restored by stimulation of S1R. Our results suggest a potential new direction for developing therapy to mitigate cognitive deficits in HD.
Huntington disease (HD) is an inherited neurodegenerative disorder caused by a mutation in the huntingtin gene. The onset of symptoms is preceded by synaptic dysfunction. Homeostatic synaptic plasticity (HSP) refers to processes that maintain the stability of networks of neurons, thought to be required to enable new learning and cognitive flexibility. One type of HSP is synaptic scaling, in which the strength of all of the synapses onto a cell increases or decreases following changes in the cell's level of activity. Several pathways implicated in synaptic scaling are dysregulated in HD, including brain-derived neurotrophic factor (BDNF) and calcium signaling. Here, we investigated whether HSP is disrupted in cortical neurons from an HD mouse model. We treated cultured cortical neurons from wild-type (WT) FVB/N or YAC128 HD mice with tetrodotoxin (TTX) for 48 h to silence action potentials and then recorded miniature excitatory postsynaptic currents. In WT cultures, these increased in both amplitude and frequency after TTX treatment, and further experiments showed that this was a result of insertion of AMPA receptors and formation of new synapses, respectively. Manipulation of BDNF concentration in the culture medium revealed that BDNF signaling contributed to these changes. In contrast to WT cortical neurons, YAC128 cultures showed no response to action potential silencing. Strikingly, we were able to restore the TTX-induced changes in YAC128 cultures by treating them with pridopidine, a drug which enhances BDNF signaling through stimulation of the sigma-1 receptor (S1R), and with the S1R agonist 3-PPP. These data provide evidence for disruption of HSP in cortical neurons from an HD mouse model that is restored by stimulation of S1R. Our results suggest a potential new direction for developing therapy to mitigate cognitive deficits in HD.
INTRODUCTION
Huntington disease (HD) is an autosomal dominant neurodegenerative disorder caused by an expansion of the CAG repeat region in the first exon of the gene encoding the protein huntingtin (Htt) (MacDonald et al., 1993) . Neurodegeneration in HD begins with the death of striatal spiny projection neurons (SPNs), but is preceded by altered function at the corticostriatal synapse (Cepeda et al., 2007; Milnerwood and Raymond, 2010; Plotkin and Surmeier, 2015) , and altered cortical activity and plasticity, which has been documented in humans a decade before disease onset (Cepeda et al., 2007; Schippling et al., 2009; Milnerwood and Raymond, 2010; Orth et al., 2010) . It has also been found that knocking out mutant Htt (mHtt) in the cortex of HD model mice ameliorates their behavioral changes (Estrada-Sánchez et al., 2015) . This suggests that, while striatal neurons are the first to die in HD, cortical neurons are also important in early HD pathophysiology.
Wild-type (WT) Htt interacts with hundreds of proteins involved in many aspects of cellular function, and the presence of mHtt disrupts a correspondingly large number of processes (Shirasaki et al., 2012; Saudou and Humbert, 2016) . One of these processes which has received little attention, but which has recently been highlighted as being of potential interest (Wang et al., 2017) , is homeostatic synaptic plasticity (HSP). HSP refers to a group of processes, such as synaptic scaling and metaplasticity, which maintain the level of activity of a network of neurons around a set point. Without these processes, a network which could only undergo the classical plasticity processes of long-term potentiation (LTP) and long-term depression (LTD) would eventually become either hyper-or hypoconnected; with either state resulting in neuronal dysfunction and death (Marder and Goaillard, 2006; Turrigiano, 2007; Watt and Desai, 2010) . The set of genes involved in HSP overlaps with those involved in multiple neurodegenerative disorders, including several types of episodic ataxia, spinocerebellar ataxia type 19, and fragile X syndrome, as well as HD (Wang et al., 2017) .
One point of overlap between HSP and HD is brain-derived neurotrophic factor (BDNF). While Htt does not directly interact with BDNF, it does interact with many proteins involved in BDNF transport and signaling, and BDNF signaling through the TrkB receptor is reduced in HD (Zuccato and Cattaneo, 2007; Milnerwood and Raymond, 2010; Shirasaki et al., 2012; Plotkin and Surmeier, 2015; Saudou and Humbert, 2016) . BDNF signaling is also involved in synaptic scaling, a type of HSP. Synaptic scaling is a phenomenon wherein the strength of all of the synapses onto a neuron increases or decreases in response to a change in a neuron's overall level of activity. In excitatory neurons, such as cortical pyramidal neurons (CPNs), increased activity results in decreased synaptic strength, referred to as synaptic down-scaling. Decreased activity results in increased synaptic strength, referred to as synaptic up-scaling . BDNF is released in an activity-dependent manner, and it is thought that reduced activation of the TrkB receptor by BDNF is a signal for synaptic up-scaling Turrigiano, 2007; Watt and Desai, 2010) . If this signaling is disrupted, as is the case in HD, it could interfere with synaptic up-scaling.
Another notable point of overlap between HD and HSP is calcium homeostasis (Shirasaki et al., 2012; Ryskamp et al., 2017; Wang et al., 2017) . Cytoplasmic calcium concentration has been shown to be increased in SPNs from HD model mice as a result of increased entry through N-methyl-Daspartate receptors (NMDARs), whose subunit composition and localisation in these cells is altered (Milnerwood et al., , 2012 , and sensitisation of the inositol 1,4,5-trisphosphate receptor (IP3R), which results in increased release of Ca 2+ from the endoplasmic reticulum (ER) (Tang et al., 2003; Ryskamp et al., 2017) . Dysregulated cytoplasmic Ca 2+ is thought to contribute to the early dysfunction and eventual death of SPNs in HD (Milnerwood and Raymond, 2010) . Calcium signaling has been implicated in multiple types of HSP (Marder and Goaillard, 2006; Turrigiano, 2007; Watt and Desai, 2010) , and elevated cytoplasmic Ca 2+ could interfere with any of them.
Together, this suggested to us that the disruption of BDNF and calcium homeostasis in HD may interfere with HSP. The drug pridopidine, which has been investigated as a treatment for HD (Kieburtz et al., 2018) , has been shown to normalize both of these signaling pathways (Geva et al., 2016; Ryskamp et al., 2017) . We therefore set out to investigate whether HSP, and specifically synaptic scaling, is disrupted in cortical neurons from the YAC128 HD mouse model, and whether pridopidine could restore any such deficit.
MATERIALS AND METHODS

Cell Culture
FVB/N WT or YAC128 (line 55) mice (Slow et al., 2003) were bred and maintained in the University of British Columbia Animal Resource Unit according to guidelines of the Canadian Council on Animal Care, under the approved protocol A15-0069. Cortical neurons were isolated from mouse pups as previously described (Milnerwood et al., 2012) . If the culture was being prepared for electrophysiology, 2.7 million cells were suspended in 12 mL D minimum essential medium (DMEM, GIBCO) with 10% FBS (DMEM+). For cultures prepared for immunohistochemistry, 2 million cells were suspended in 100 µL electroporation buffer (Mirus Bio) with a plasmid encoding GFP (Addgene plasmid 37825). This solution was placed in a cuvette, electroporated (AMAXA nucleofector I: program 03), and resuspended in 12 mL DMEM+ with 0.7 million non-transfected cells. Cells were plated at a density of 1.125 × 10 5 cells per cm 2 in a 24-well plate. After 3 h, DMEM+ was replaced with 0.5 mL plating medium (PM; 2% B27, Invitrogen; penicillin/streptomycin; 2 mM α-glutamine; neurobasal medium, GIBCO). An additional 0.5 mL/well PM was added at 3 days in vitro (DIV), half of the culture's PM was replaced at DIV10 and again 4 days before recording or fixation.
Drug Treatment
For experiments involving pridopidine or R(+)-3-(3-Hydroxyphenyl)-N-propylpiperidine (3-PPP; Sigma), cells were treated with 0.1, 1, or 10 µM pridopidine (Teva Pharmaceuticals Ltd.), or 1 µM 3-PPP (Sigma) during the half-medium change 4 days before recording or fixation. To test induction of HSP, cells were treated with 2 µM tetrodotoxin (TTX; Affix Scientific) vs. dH 2 O (vehicle) with or without 25 ng/mL BDNF (Thermo Fisher Scientific), or else with 1.5 µg/mL TrkB-Fc (R&D Systems) 2 days before recording or fixation. TTX was stored and handled in accordance with the University of British Columbia's chemical and biological safety standards.
Electrophysiology
Miniature excitatory postsynaptic currents (mEPSCs) were recorded using an Axopatch 200B, Axon Digidata 1550B or MultiClamp 700A amplifier and pClamp 10.2, 10.3, or 10.6 software (Molecular Devices, Palo Alto, CA, United States). CPNs were identified by morphology and recordings were made at DIV 20-22. Cells were voltage clamped at −70 mV, and their intrinsic membrane properties were determined using a 10 mV hyperpolarizing pulse immediately after whole-cell access was achieved. Cells were accepted for recording if they had a holding current more positive than −500 pA and a series resistance of up to 25 M , with most cells' series resistance under 20 M . mEPSCs were recorded for up to 5 min. If the series resistance changed by more than 20% during the course of the recording, or if the holding current fell below −500 pA, events were not analyzed beyond the point where this threshold was exceeded. Cells were excluded from analysis if their series resistance changed by more than 20%, or their holding current fell below −500 pA, during the first 30 s of the recording, or if they had fewer than 50 events with an amplitude of greater than 10 pA. Cells were recorded in artificial cerebrospinal fluid (ACSF) containing (mM): 167 NaCl, 2.4 KCl, 10 Glucose, 10 HEPES, 2 CaCl 2 , 1 MgCl 2 , 0.05 picrotoxin (PTX; Tocris), 0.0005 TTX (Affix Scientific), pH 7.3 with NaOH, 310-320 mOsm (all chemicals from Sigma except for PTX and TTX). The recording electrode (3-6 M ) was filled with an internal solution containing (mM): 145 K-Gluconate, 1 MgCl 2 , 10 HEPES, 1 EGTA, 2 MgATP, 0.5 Na 2 GTP, pH 7.3 with KOH, 280-290 mOsm. mEPSC recordings were analyzed with Clampfit 10.2 and 10.7, using its template search function.
Peak-Scaled Non-stationary Noise Analysis of AMPAR-Miniature EPSCs
To measure mean AMPAR channel conductance (γ) and the number of channels exposed to glutamate (N) per synapse, peak scaled noise analysis of AMPAR-miniature EPSCs (mEPSCs) was performed using Clampfit 10.2 (Molecular Devices). The peak of each mEPSC in a recording was scaled to the average mEPSC waveform for that recording, and the variance of current around the mean for each time point was calculated. The data were fit with the following parabolic equation:
where σ 2 = variance, I = mean current, i = single-channel current, N = number of open channels at peak current, and σ 2 b = background variance. From this equation, γ was calculated by dividing i by the driving force (−70 mV; AMPAR reversal potential was ∼0 mV with the recording solutions used). Recordings were discarded if the parabolic fits of the current variance plots had R 2 <0.5 (Traynelis et al., 1993; Hartveit and Veruki, 2007) .
Immunohistochemistry and Image Analysis
Cells were transfected with GFP at plating, as described above. For excitatory synaptic puncta analysis, they were stained for GluA2 and VGLUT1, imaged and analyzed as previously described (Buren et al., 2016) . Briefly, they were live stained on DIV 20-22 with a mouse anti-GluA2 primary antibody (Millipore), fixed, and stained with an Alexa-Fluor 568 donkey anti-mouse secondary antibody (Invitrogen), followed by incubation with a guinea pig anti-VGLUT1 primary antibody (Millipore), and then an AMCA-conjugated donkey anti-guinea pig secondary antibody (Jackson ImmunoResearch Laboratories). GFP-positive cells were imaged as a Z-stack using a Zenn Axiovert 200 M fluorescent microscope at 63× magnification with a numerical aperture of 1.4, and flattened within the ZEN 2012 program using the extended depth of focus function. These flattened images were transferred as TIFF files to ImageJ 1 and split into red, green and blue channels. The background of each channel was removed using the ImageJ subtract background tool, and each channel was manually thresholded. The density of puncta in the red and blue channels, that were at least 40 µm from the cell body and colocalised with a green fluorescent dendritic process connected with the cell being analyzed, was measured using the Analyze Particles tool in ImageJ. Colocalised puncta were defined as contiguous pixels that were above threshold in both the red and blue channels, and were analyzed using the Analyze Particles tool and the colocalization plugin (see footnote 1) in ImageJ.
For spine analysis, cells were fixed on DIV 20-22 by incubation for 20 min with 4% paraformaldehyde (PFA) + 4% sucrose, washing three times with phosphate buffered saline (PBS), and mounted on glass slides (Corning, 2948-75 × 25) using Fluoromount G (SouthernBiotech, 0100-01). Cells were imaged using a Zeiss Axioplan 2 confocal microscope running the ZEN 2009 program, with a single picture being taken of each cell body, as well as three Z stacks, each centered on a segment of a different secondary dendrite which served as the regions of interest (ROIs). These images were exported as TIFFs, and the Z stacks were flattened in ImageJ using the Z project function. Background and noise were removed from the images of the ROIs using the ImageJ subtract background and despeckle functions, respectively. They were then opened in NeuronStudio 2 , and spines along the ROIs were classified using NeuronStudio's spine classifier tool. The density of each type of spine was calculated for each ROI, and then the densities were averaged across three ROIs per cell to obtain the densities of each spine type for each cell.
Statistics
All statistics were performed using GraphPad Prism, with oneand two-way ANOVAs and unpaired, two-tailed t-tests were performed throughout, as reported in the text. Bonferroni posttests were applied to test for differences between groups following ANOVAs. All experiments were performed on cells obtained from at least three independent cultures, and "n" is the number of cells analyzed. Error bars in all figures represent standard error values of the mean calculated from the number of cells analyzed.
RESULTS
HSP Is Impaired in YAC128 Cortical Pyramidal Neurons (CPNs)
To assess the capacity for HSP, cultured CPNs were treated with tetrodotoxin (TTX) or vehicle control (water) for 48 h, after which mEPSCs were recorded (mEPSCs; Figure 1A ). mEPSC frequency increased ( * p < 0.05) and mEPSC amplitude tended to increase (p = 0.08) in WT CPNs ( Figures 1B,C) . However, there was no change in mEPSC frequency or amplitude in YAC128 CPNs (Figures 1B,C) , suggesting that YAC128 CPNs are impaired in synaptic upscaling. A non-stationary noise analysis performed on the subset of these traces which also met the standards described above for this analysis (Methods, 2.4) found a significant increase in the number of AMPARs per synapse in WT ( * p < 0.05) but not YAC128 CPNs treated with TTX ( Figures 1D,F) . TTX treatment did not alter AMPAR conductance in CPNs of either genotype ( Figures 1E,F) .
Before investigating possible mechanisms of this impairment, we sought to better understand the synaptic changes that accompanied the increased mEPSC amplitude and frequency in WT CPNs, and whether or not these properties were altered in YAC128 CPNs under TTX treatment. Cultured CPNs were transfected with GFP and immunostained for the AMPA receptor subunit GluA2 and the vesicular glutamate transporter VGLUT1 (Figure 2A) . GluA2 served as a postsynaptic marker and marker of AMPA receptor (AMPAR) localisation, and VGLUT1 represented a presynaptic marker and marker of glutamate-containing vesicles. Quantification showed that the density of colocalised GluA2 and VGLUT1 puncta was increased ( * p < 0.05) in WT CPNs treated with TTX relative to those that were not ( Figure 2B ). These data are consistent with a model in which an increase in synapse density underlies the increase in mEPSC frequency observed in WT CPNs after TTX treatment. Although this would not be considered synaptic scaling, as it involves changing the number of synapses onto a cell rather than the strength of those synapses (Marder and Goaillard, 2006; Watt and Desai, 2010) , it is still a form of homeostatic plasticity, as it modifies the properties of cells within a network to preserve the stability of that network (Turrigiano, 2007; Watt and Desai, 2010) . Strikingly, there was also a significant increase in density of colocalised puncta ( * * * p < 0.001) and VGLUT1 ( * * p < 0.01), as well as GluA2 ( * p < 0.05), in YAC128 relative to WT CPNs within the control condition ( Figure 2B ). Given that there is no difference in any of these measures between control and TTXtreated YAC128 CPNs ( Figure 2B ), this suggests a ceiling effect in which synapse density onto YAC128 CPNs is already increased in response to some other signal before they are exposed to TTX. If so, it is possible that YAC128 CPN synapse density failed to increase in response to TTX because this effect was already saturated.
In addition to modifying the properties of existing synapses, HSP can also occur via addition or elimination of spines and synapses (Tian et al., 2010; Cohen et al., 2011; Mendez et al., 2018) . Furthermore, the morphology of spines can also give an indication of their function. For example, mushroom spines are the most stable type of spine, while thin spines are less so (Chidambaram et al., 2019) . Given the change in mEPSC frequency observed, spine density and morphology were also examined ( Figures 2C,D) . WT control CPNs had a higher density of mushroom spines than TTX-treated WT CPNs ( * p < 0.05). On the other hand, WT control CPNs had a lower density of longneck mushroom spines (defined as mushroom spines with a neck >1 µm long) and filopodia/thin spines than TTX-treated WT CPNs (longneck mushroom: * * p < 0.01; filopodia/thin: * * * p < 0.001) and YAC128 control CPNs (longneck mushroom: * p < 0.05; filopodia/thin: * * * p < 0.001). WT control CPNs also had a lower total spine density than TTX-treated WT CPNs ( * p < 0.05) and YAC128 control CPNs ( * p < 0.05; Figure 2D ).
BDNF Modulates mEPSC Frequency Increase in Response to Activity Suppression
BDNF signaling is thought to be involved in HSP Turrigiano, 2007; Watt and Desai, 2010) . Specifically, BDNF is released in an activity-dependent manner (Poo, 2001) , such that suppression of activity in a network of CPNs reduces BDNF release in that network. This reduction in BDNF signaling is thought to be a trigger for synaptic scaling-up Watt and Desai, 2010) . To investigate whether reduced BDNF signaling is required for the changes in mEPSC amplitude and frequency that we observed in our WT cortical cultures at DIV 21 Watt and Desai, 2010) , we first attempted to block homeostatic plasticity in WT CPNs by treating them with BDNF along with TTX. If the effect of TTX is mediated through reduced BDNF signaling, then adding exogenous BDNF at the same time as TTX should block the effect of TTX . Exogenous BDNF did block the increase in mEPSC frequency in response to TTX (Figures 3A,C and Supplementary Figure S1B) . However, it did not block the increase in mEPSC amplitude. While there was no significant difference by Bonferroni post hoc test between TTX and control cells in either the BDNF or the control group, both groups showed strong trends toward increased mEPSC amplitude in TTX-treated cells (control: p = 0.08; BDNF: p = 0.12), and there was a significant overall effect of TTX by two-way ANOVA ( * * p < 0.01; Figure 3B and Supplementary Figure S1A) . To further investigate the role of BDNF in the homeostatic plasticity that we observed, we attempted to reproduce the effect of TTX by scavenging BDNF from our culture medium using TrkB-Fc Buren et al., 2014) . When WT CPNs were treated with TTX or TrkB-Fc for 48 h, both TTX ( * * p < 0.01) and TrkBFc ( * p < 0.05) increased mEPSC frequency ( Figures 3D,F and Supplementary Figure S1D) . TrkB-Fc also had a similar effect as TTX on mEPSC amplitude (Figures 3D,E and Supplementary Figure S1C ). Together, these data suggested that, in our DIV 21 WT cortical cultures, reduced BDNF signaling is a trigger for HSP in response to activity suppression.
Pridopidine Restores Homeostatic Plasticity in YAC128 CPNs Through Stimulation of the Sigma-1 Receptor
We hypothesized that the homeostatic plasticity deficit observed in YAC128 CPNs is a result of the disruption of a signaling pathway(s) involved in this process that is also known to be impaired in HD. This disruption leads CPNs to undergo a homeostatic increase in synapse density under baseline conditions and prevents activity blockade from inducing further HSP. Specifically, since BDNF signaling is impaired in HD (Zuccato and Cattaneo, 2007 ), we speculate that the level of BDNF signaling in YAC128 CPNs is low enough under baseline conditions to prevent any further reduction from engaging HSP pathways. It is also possible that reduced BDNF signaling engages these pathways under baseline conditions in YAC128 CPNs, leading to the increased synapse and spine density we showed in Figure 2 . In addition to BDNF, another key process involved in HSP is regulation of somatic calcium levels (Watt and Desai, 2010; Turrigiano, 2011) . In this regard, the drug pridopidine, which has shown promise for the treatment of HD motor symptoms in clinical trials (Kieburtz et al., 2018 ) is of interest. Recent research has demonstrated that pridopidine boosts the BDNF signaling pathway and is involved in stabilizing ER calcium signaling (Geva et al., 2016; Ryskamp et al., 2017) . Therefore, we hypothesized that pridopidine might restore homeostatic plasticity in response to suppression of activity in YAC128 CPNs by normalizing BDNF and/or calcium signaling under baseline conditions. We treated WT CPNs with 1 µM pridopidine. Given that pridopidine upregulates BDNF signaling (Geva et al., 2016) and that exogenous BDNF at least partially blocked HSP (Figures 3A-C) , pridopidine might be expected to have a FIGURE 2 | Synaptic changes underlying homeostatic plasticity. (A) Representative images of CPNs filled with GFP (green), and stained for GluA2 (red), and VGLUT1 (blue). (B) Density of (i) GluA2 (genotype p < 0.01, two-way ANOVA), (ii) VGLUT1 (genotype p < 0.05, genotype/TTX interaction p < 0.05, two-way ANOVA), and (iii) colocalised GluA2 and VGLUT1 puncta (genotype p < 0.01, genotype/TTX interaction p < 0.05, two-way ANOVA) on CPN dendrites. YAC128 control CPNs had a higher density of all three types of puncta than WT control CPNs (GluA2 * p < 0.05, Bonferroni post hoc t-test; VGLUT1 * * p < 0.01, Bonferroni post hoc t-test; colocalised * * * p < 0.001, Bonferroni post hoc t-test). WT CPNs treated with TTX also showed a tendency to increased VGLUT1 density (p = 0.08, Bonferroni post hoc t-test) and significantly increased density of colocalised GluA2 and VGLUT1 puncta ( * p < 0.05, Bonferroni post hoc t-test) relative to WT control CPNs. YAC128 CPNs treated with TTX did not differ from either YAC128 control CPNs or WT CPNs treated with TTX (p > 0.99, Bonferroni post hoc t-test; cells per group n = 24, culture batch N = 3). (C) Representative images of spines on CPNs filled with GFP. (D) Spine density, grouped by morphology. WT control CPNs had a higher density of mushroom spines than TTX-treated WT CPNs ( * p < 0.05, Bonferroni post hoc t-test; genotype p < 0.05, two-way ANOVA), as well as fewer longneck mushroom spines (mushroom spines with necks > 1 µm in length; * * p < 0.01, Bonferroni post hoc t-test) and filopodia/thin spines ( * * * p < 0.001, Bonferroni post hoc t-test). Compared to YAC128 control CPNs, WT control CPNs also had fewer longneck mushroom spines ( * p < 0.05, Bonferroni post hoc t-test; TTX p < 0.05, TTX/genotype interaction p < 0.01, two-way ANOVA) and filopodia/thin spines ( * * * p < 0.001, Bonferroni post hoc t-test; TTX p < 0.01, genotype p < 0.01, TTX/genotype p < 0.01, two-way ANOVA). WT control CPNs also had a lower total spine density than TTX-treated WT CPNs ( * p < 0.05, Bonferroni post hoc t-test) and YAC128 control CPNs ( * p < 0.05, Bonferroni post hoc t-test; TTX p < 0.05, genotype p < 0.05, two-way ANOVA; culture batches N = 3). blunting effect on homeostatic plasticity in WT CPNs, which have a higher baseline level of BDNF signaling than do YAC128 CPNs. These cells showed increased mEPSC amplitude in response to TTX regardless of whether they were ( * * p < 0.01) or were not ( * * p < 0.01) treated with pridopidine ( Figures 4A,B and Supplementary Figure S2A) . However, whereas cells treated with only TTX had increased mean mEPSC frequency relative to those treated with vehicle control ( * * * p < 0.001), the difference in mean mEPSC frequency between cells treated with both TTX and pridopidine or with pridopidine alone did not reach statistical significance (p = 0.06), suggesting an attenuated effect of TTX on mEPSC frequency ( Figure 4C and Supplementary Figure S2B) . These data are consistent with a model in which 1 µM pridopidine impaired HSP in response to TTX in WT CPNs.
To test the effect of pridopidine on HSP in YAC128 CPNs, cultured CPNs were treated with pridopidine (0.1, 1, or 10 µM) or vehicle control (water) for 48 h before TTX or vehicle control was also added to the culture medium. After treatment with TTX, mEPSCs were recorded from these neurons. In cultures treated with either the 0.1 or 10 µM pridopidine concentration, YAC128 CPNs showed increased mEPSC amplitude in response to TTX ( * p < 0.05), but mean mEPSC frequency remained FIGURE 4 | Pridopidine and S1R agonist 3-PPP both restore homeostatic plasticity at a 1 µM concentration. (A) Representative traces of mEPSC recordings from WT CPNs treated with TTX and/or 1 µM pridopidine. (B) mEPSC amplitude of WT CPNs treated with TTX and/or 1 µM pridopidine. Cells treated with only TTX had larger mEPSCs than those treated with only vehicle control ( * * p < 0.01, Bonferroni post hoc t-test), and cells treated with TTX and pridopidine had larger mEPSCs than those treated with only pridopidine ( * * p < 0.01, Bonferroni post hoc t-test; TTX p < 0.001, two-way ANOVA). (C) mEPSC frequency of WT CPNs treated with (Continued) FIGURE 4 | Continued TTX and/or 1 µM pridopidine. Cells treated with only TTX had more frequency mEPSCs than those treated with only vehicle control ( * * * p < 0.001, Bonferroni post hoc t-test), while those treated with both TTX and pridopidine showed a non-significant trend toward more frequent mEPSCs than those treated with only pridopidine (p = 0.06, Bonferroni post hoc t-test; TTX p < 0.001, two-way ANOVA). For both (B) and (C), cells per group n = 24, culture batch N = 4. (D) Representative traces of mEPSC recordings from YAC128 CPNs treated with TTX and/or 1 µM pridopidine. (E) mEPSC amplitude of YAC128 CPNs treated with TTX and/or 1 µM pridopidine. Cells treated with both TTX and pridopidine had higher amplitude mEPSCs than those treated with only TTX ( * p < 0.05, Bonferroni post hoc t-test), or pridopidine ( * * * p < 0.001, Bonferroni post hoc t-test; TTX p < 0.01, TTX/pridopidine interaction p < 0.001, two-way ANOVA). (F) mEPSC frequency of YAC128 CPNs treated with TTX and/or 1 µM pridopidine. Cells treated with both TTX and pridopidine had more frequent mEPSCs than those treated with pridopidine alone ( * * p < 0.01, Bonferroni post hoc t-test; TTX p < 0.05, TTX/pridopidine interaction p < 0.05, two-way ANOVA). For (E) and (F), control n = 22, TTX n = 25, pridopidine n = 24, TTX + pridopidine n = 27, culture batch N = 4. (G) Representative traces of mEPSC recordings from YAC128 CPNs treated with TTX and/or 3-PPP. (H) mEPSC amplitude from YAC128 CPNs treated with TTX and/or 3-PPP. Cells treated with both 3-PPP and TTX had larger mEPSCs than those treated with only 3-PPP ( * p < 0.05, Bonferroni post hoc t-test; TTX p < 0.05, two-way ANOVA). (I) mEPSC frequency from YAC128 CPNs treated with TTX and/or 3-PPP. Cells treated with both 3-PPP and TTX had more frequent mEPSCs than those treated with only 3-PPP ( * p < 0.05, Bonferroni post hoc t-test; TTX/3-PPP interaction p < 0.05, TTX p = 0.09, two-way ANOVA).; For (H) and (I), control n = 14, TTX n = 13, 3-PPP n = 14, TTX/3-PPP n = 13, culture batch N = 12. 
unchanged (Figures 4J-O and Supplementary Figures S3C-F).
In contrast, YAC128 CPNs treated with 1 µM pridopidine showed increases in both mean mEPSC amplitude ( * * * p < 0.001) and frequency ( * * p < 0.01; Figures 4D-F and Supplementary  Figures S3A,B) in response to TTX. Consistent with our previous results, cells treated with vehicle control instead of pridopidine did not show increased mEPSC amplitude or frequency in response to TTX. These results indicate that pridopidine restores homeostatic plasticity in response to activity suppression in YAC128 CPNs. This restoration occurs in a dose-dependent manner, with maximal effect at 1 µM and decreasing efficacy at higher and lower doses. Pridopidine is an agonist of the sigma-1 receptor (S1R) (Geva et al., 2016; Ryskamp et al., 2017) , which, among other functions, regulates both BDNF signaling (Kikuchi-Utsumi and Nakaki, 2008; Fujimoto et al., 2012) and calcium signaling between the mitochondria and ER (Hayashi and Su, 2007; Ryskamp et al., 2017) , which could influence homeostatic plasticity (Marder and Goaillard, 2006; Turrigiano, 2007; Watt and Desai, 2010) . With this in mind, we attempted to restore TTX-induced homeostatic plasticity in YAC128 CPNs by treating cultures with 3-PPP, another S1R agonist (Ryskamp et al., 2017) . Cells that were treated with 1 µM 3-PPP and TTX showed higher mean mEPSC amplitude ( * p < 0.05) and frequency ( * p < 0.05) than those treated with only 3-PPP ( Figures 4G-I and Supplementary Figure S4) . There was no difference in mean mEPSC amplitude or frequency between TTX-treated and control cells that were not treated with 3-PPP. This suggests that S1R agonism contributes to pridopidine's restoration of homeostatic plasticity in YAC128 CPNs.
Other aspects of the observed homeostatic plasticity were also analyzed. Spine density and morphology showed increased density of both longneck mushroom ( * * * p < 0.001) and filopodia/thin spines ( * * * p < 0.001), as well as total spine density ( * * p < 0.01; Figures 5A,B) in TTX-treated YAC128 CPNs that had first been incubated for 48 h with 1 µM pridopidine. Nonstationary noise analysis also revealed that at the 1 µM dose, cells treated with both pridopidine and TTX had more AMPARs at each synapse than cells treated with only TTX ( * * p < 0.01) or only pridopidine ( * p < 0.05, Figures 5C-E) , suggesting that pridopidine affects AMPAR trafficking pathways typically associated with synaptic upscaling Turrigiano et al., 1998; Marder and Goaillard, 2006; Turrigiano, 2007; Watt and Desai, 2010) . In addition, we tested whether YAC128 CPNs' response to BDNF scavenging was also impaired, as would be expected if BDNF signaling is reduced in these cells under baseline conditions, and whether pridopidine could restore this. We treated YAC128 CPNs with 1 µM pridopidine for 48 h, and then with TrkB-Fc (together with pridopidine) for 48 h. Cells treated with both pridopidine and TrkB-Fc had higher mean mEPSC frequency than cells treated with only TrkBFc ( * * p < 0.01) or pridopidine ( * p < 0.05; Figures 5F,H and Supplementary Figure S5) , although there was no significant difference in mean mEPSC amplitude between any groups ( Figure 5G ). There was also no difference in number of AMPARs per synapse or the peak conductance of those receptors, as determined by non-stationary noise analysis (Figures 5I-K) . This suggests that the effect of pridopidine on TTX-induced increase in mEPSC frequency is mediated by its effect on the BDNF signaling pathway.
DISCUSSION
We investigated functional synaptic responses to a homeostatic plasticity stimulus in cortical neurons from a mouse model of HD. After 48 h of TTX treatment, cultured CPNs from WT FVB/N mice showed increased mEPSC frequency and a CPNs treated with 1 µM pridopidine and TTX or vehicle control. Cells treated with TTX and pridopidine had a higher density of longneck mushroom spines ( * * * p < 0.001, unpaired t-test) and filopodia/thin spines ( * * * p < 0.001, unpaired t-test), as well as a higher total spine density ( * * p < 0.01, unpaired t-test) than those treated with only pridopidine (cells per group n = 18, culture batches N = 3) (C) Representative current-variance plots from YAC128 CPNs treated with TTX and/or 1 µM pridopidine. (D) Peak conductance of synapses onto YAC128 CPNs treated with TTX and/or 1 µM pridopidine, as determined by non-stationary noise analysis. There was no significant difference between any groups (control vs. TTX: p = 0.95; pridopidine vs. pridopidine+TTX: p = 0.51; control vs. pridopidine: p = 0.25; TTX vs. pridopidine+TTX: p = 0.40, Bonferroni post hoc t-test), although there was a significant effect of pridopidine on conductance (pridopidine p < 0.05, two-way ANOVA). (E) Number of AMPARs per synapse onto YAC128 CPNs treated with TTX and/or 1 µM pridopidine, as determined by non-stationary noise analysis. There were more AMPARs in cells treated with both TTX and pridopidine than in cells treated with only TTX ( * * p < 0.01, Bonferroni post hoc t-test) or pridopidine ( * p < 0.05, Bonferroni post hoc t-test; TTX/pridopidine interaction p < 0.01, two-way ANOVA). For strong trend, which was significant in some sets of experiments, toward increased mEPSC amplitude. The neurons also exhibited increased synapse and spine density, and number of AMPARs per synapse. YAC128 CPNs, in contrast, did not change in any of these measures, suggesting a deficit in homeostatic plasticity. BDNF was involved in the observed effect of TTX on mEPSC frequency in WT CPNs. We were able to restore TTX treatment-induced homeostatic plasticity in YAC128 CPNs with pridopidine, a drug which improved motor deficits in HD clinical trials and significantly enhances BDNF signaling in rodents (Geva et al., 2016; Kieburtz et al., 2018) . Our quantification show that pridopidine restored homeostatic plasticity in a dosedependent manner, with maximum effect at 1 µM. Consistent with pridopidine's proposed mechanism of action (Geva et al., 2016; Ryskamp et al., 2017) , homeostatic plasticity was also restored by the S1R agonist 3-PPP.
TTX Induced Multiple Forms of Homeostatic Plasticity
After 48 h of treatment with TTX we expected to see synaptic scaling. This is a form of homeostatic plasticity in which the strength of all of the synapses onto a neuron increases or decreases in response to changes in the neuron's level of activity.
In excitatory neurons such as CPNs, a prolonged decrease in activity results in increased synaptic strength Marder and Goaillard, 2006; Turrigiano, 2007; Watt and Desai, 2010) . This is usually assessed by measuring the amplitude and frequency of mEPSCs, small inward currents produced by the stochastic release of individual glutamatecontaining synaptic vesicles and mediated by AMPAR activation. Increased mEPSC amplitude is typically interpreted as reflecting postsynaptic changes, while increased frequency is considered to reflect presynaptic changes. Neurons undergoing synaptic scaling at or before DIV 14 typically exhibit only postsynaptic changes. However, between DIV 14 and 18 they undergo a shift toward mixed pre-and postsynaptic scaling (Wierenga et al., 2006) . Consistent with this, the WT cells used in our study, which were recorded at DIV 21, showed increases in both mEPSC amplitude and frequency, with frequency changes occurring more consistently. Non-stationary noise analysis indicated that WT CPNs had an increased number of AMPARs per synapse after treatment with TTX, a typical mechanism of mEPSC synaptic up-scaling. These same cells also showed increased spine and synapse density, consistent with the observed increase in mEPSC frequency. While not consistent with synaptic scaling, this has been documented as another form of homeostatic plasticity (Kirov et al., 1999; Turrigiano, 2007) . The morphology of spines on TTX-treated WT CPNs was also shifted toward types which appeared less mature and suggested the formation of novel synapses (Kirov et al., 1999) . Thus, at DIV 20-22 in our culture system WT CPNs treated with TTX for 48 h increase both AMPAR number per synapse and synapse density.
Impairment of Synapse Density Change in Response to TTX in YAC128 CPNs Is Mediated by Altered BDNF Signaling
While WT CPNs underwent homeostatic plasticity in response to activity suppression by TTX treatment, YAC128 CPNs' mEPSCs did not change in amplitude or frequency. Further examination showed that both control and TTX-treated YAC128 CPNs exhibited synapse and spine density, and spine morphology, more similar to that of TTX-treated than control WT CPNs. This suggests that a homeostatic increase in synapse density is occluded in YAC128 CPNs. BDNF signaling is impaired in HD (Zuccato and Cattaneo, 2007; Plotkin and Surmeier, 2015) and has been reported to play a critical role in HSP. BDNF is released from CPNs in an activity-dependent manner, and reduced BDNF is thought to be a trigger for synaptic up-scaling after activity suppression Turrigiano, 2007; Watt and Desai, 2010) . Our data in WT CPNs, showing that scavenging BDNF from the medium with TrkB-Fc over 48 h mimics the effect of TTX, and that exogenous BDNF in the medium prevents the TTX-induced increase in mEPSC frequency, support this model. Thus, we hypothesized that a baseline deficit in BDNF signaling in YAC128 CPNs renders them insensitive to further reductions in BDNF, thereby occluding TTX-induced homeostatic plasticity. Moreover, reduced BDNF signaling may underlie a homeostatic increase in synaptogenesis during development in culture, resulting in the elevated density of immature-appearing spines and synapses on DIV 20-22 YAC128 CPNs, and preventing further modulation of synapse density following TTX. Supporting this idea, we found that YAC128 CPNs treated with 1 µM pridopidine, a drug previously shown to upregulate BDNF signaling (Geva et al., 2016) , exhibited a similar synapse morphology and density as control WT CPNs, and also responded to 48 h TTX treatment with an increase in synapses as found in TTX-treated WT CPNs. It is interesting that YAC128 CPNs pre-treated with 1 µM pridopidine showed increased mEPSC frequency but not amplitude following BDNF scavenging, suggesting that modulation of BDNF signaling plays a larger role in regulating synapse numbers than AMPAR content. Together, these data suggest that reduced BDNF signaling in HD impairs a homeostatic increase in synapse number, but not strengthening of those synapses. Synaptic upscaling by insertion of AMPARs appears to be largely mediated by some other pathway, which is also impaired in HD and restored by pridopidine.
Pridopidine Restores Homeostatic Plasticity in YAC128 CPNs by Stimulating the Sigma-1 Receptor
Pridopidine is a drug which has been investigated as a possible treatment for HD (Kieburtz et al., 2018) . It was initially identified as a dopamine stabilizer (Dyhring et al., 2010) , but recent studies suggest that its effect on HD is largely mediated through the S1R (Sahlholm et al., 2013 (Sahlholm et al., , 2015 . Stimulation of S1R by pridopidine normalizes multiple biochemical pathways which are disrupted in HD, including normalization of BDNF signaling and calcium homeostasis (Geva et al., 2016; Ryskamp et al., 2017) . Furthermore, while the mechanisms by which pridopidine normalizes these pathways is still under study, recent data suggest that its agonism of S1R enhances BDNF axonal transport (Ionescu et al., 2019) and elevates BDNF transcripts (Geva, unpublished results) . Thus, pridopidine treatment should not only increase the level of BDNF signaling in YAC128 CPNs, but should also restore their ability to dynamically modulate BDNF release. As these pathways in particular are involved in homeostatic plasticity, this suggested that pridopidine might restore homeostatic plasticity.
The pridopidine concentrations used in these experiments were selected based on the known binding affinity to the S1R, which we hypothesized would be the receptor driving the effects in our experimental system. The EC50 of pridopidine to the S1R is ∼ 100 nM as determined by in vitro binding assays (Johnston et al., 2018) . In previous experiments we demonstrated various effects which were mediated by the S1R, and potent at the range of 100 nM-1 µM. These effects include upregulation of the BDNF pathway (Geva et al., 2016) , rescue of spines and calcium homeostasis (Ryskamp et al., 2017 (Ryskamp et al., , 2019 , and enhancement of axonal BDNF transport (Ionescu et al., 2019) . In addition, these concentrations correlate to the drug brain exposure levels of pridopidine used in clinical trials (Geva, unpublished data) . Specifically, these concentrations show a very selective target engagement of the S1R in vivo (Geva et al., 2016; Ryskamp et al., 2017; Ionescu et al., 2019) . In a recently completed phase 2 trial in HD patients, the low dose (45 mg twice a day), which shows selective S1R brain occupancy, showed significant slowing of functional decline, while the higher doses were less effective .
We found that pre-treatment with pridopidine restored homeostatic plasticity in YAC128 CPNs in a concentrationdependent manner. While all tested pridopidine concentrations (0.1, 1, and 10 µM) restored the mean mEPSC amplitude increase in response to TTX treatment, only pre-treatment with 1 µM pridopidine was able to restore the increase in mean mEPSC frequency. Furthermore, in WT CPNs, pridopidine pretreatment did not impact the mean mEPSC amplitude increase in response to 48 h TTX exposure, but it did attenuate the increase in mean mEPSC frequency after activity deprivation. Taken together, these data suggest that the mEPSC frequency response to 48 h TTX is more sensitive to BDNF levels than the amplitude response. As previous work showed BDNF signaling is reduced in HD (Zuccato and Cattaneo, 2007; Plotkin and Surmeier, 2015) , it is possible that baseline BDNF signaling must be within a certain range in order for its reduction in response to 48 h TTX treatment to increase synapse density. If so, then its level may be too low in YAC128 CPNs, but elevated to a healthy range by 1 µM pridopidine; further, 10 µM pridopidine may increase BDNF in YAC128 CPNs to a level no longer within this range. 1 µM pridopidine may achieve the same effect in WT CPNs. Alternatively, high concentrations of pridopidine may engage other pathways which inhibit the homeostatic modulation of synapse density, differentially in WT and YAC128 CPNs. Further experiments are required to test these possibilities.
This leaves the question of how pridopidine restores the effect of TTX treatment on synaptic AMPAR content. BDNF signaling is only one of the pathways that pridopidine normalizes through stimulation of the S1R (Geva et al., 2016) . We found that the S1R agonist 3-PPP also restored both mEPSC amplitude and frequency increases in response to TTX. This suggests that another process downstream of the S1R, in addition to BDNF, is involved in the restoration of homeostatic plasticity. Of interest to us is calcium homeostasis, which is also restored by pridopidine (Ryskamp et al., 2017) . Calcium signaling is involved in homeostatic plasticity through a number of pathways, including CamKIV (Ibata et al., 2008) and Homer1a (Diering et al., 2017) ; the latter pathway is involved in HSP via regulating ER calcium release. Calcium homeostasis is disrupted in HD through mechanisms such as sensitisation of the IP3R, affecting ER calcium release (Tang et al., 2003) , and altered NMDAR localisation and subunit composition (Milnerwood and Raymond, 2010; Milnerwood et al., , 2012 . S1R agonists have been found to modulate both of these pathways (Liang and Wang, 1998; Ryskamp et al., 2017) . We consider calcium homeostasis to be the most likely pathway by which pridopidine restores the synaptic up-scaling (amplitude) response to TTX.
Homeostatic Plasticity, S1R, and HD While most HD research has focused on the striatum, which is the first brain structure in which cell death occurs (MacDonald et al., 1993) , the cortex is known to play an important role in the disease's early cognitive and psychiatric symptoms (Thu et al., 2010; Estrada-Sánchez et al., 2015) . The deficit in CPN homeostatic plasticity reported here could contribute to these symptoms. Drugs like pridopidine, which normalize this process, could improve these symptoms.
Another neurodegenerative disease in which homeostatic plasticity has been implicated is Alzheimer's disease (AD) (Small, 2008) . HSP in healthy cells to compensate for synaptic dysfunction in unhealthy cells is hypothesized to contribute both to cognitive dysfunction in AD and spread of neuronal dysfunction to other brain areas. Aberrant cortical HSP in HD could also, in theory, contribute to pathology in brain areas outside of the cortex. The deficit which we documented has the potential to decrease the overall level of activity of affected cortical areas (Watt and Desai, 2010) . Such a decrease would lead to reduced activitydependent release of BDNF by CPNs onto striatal SPNs, compounding the BDNF secretion deficit mediated by reduced expression and axonal transport (Zuccato and Cattaneo, 2007; Virlogeux et al., 2018) , and contributing to decreased neurotrophic support of SPNs, which has been proposed to cause the death of these cells through 'withering' (Plotkin and Surmeier, 2015) .
Homeostatic plasticity has also been investigated in sleep. Homer1a-dependent synaptic down-scaling, reduction of the strength of all of the synapses onto a cell, has been reported during sleep (Diering et al., 2017) . Factors involved in up-and down-scaling do not overlap greatly (Turrigiano, 2011) , so our finding of impairment in TTX-induced homeostatic plasticity does not necessarily imply that down-scaling is also impaired in HD. However, evidence from clinical neurostimulation does support this idea (Calabresi et al., 2016) . Further, Homer1a is part of the BDNF signaling pathway, and its expression is decreased in the Q175 HD mouse model, and restored by pridopidine (Geva et al., 2016) .
Finally, our findings add to growing evidence for S1R as a potential pharmacological target for the treatment of HD and other neurodegenerative disorders. S1R agonists have been found to improve symptoms of depression and anxiety, which are among the most common psychiatric symptoms of HD (Berrios et al., 2001) . S1R is a relatively recently discovered receptor, but it has already been associated with many pathways implicated in neurodegenerative diseases, including calcium homeostasis, neurotrophic support and synaptic transmission (Kourrich et al., 2012; Geva et al., 2016; Ryskamp et al., 2017) . Together with our results, these studies suggest that S1R is a promising pharmacological target for HD, as well as for other neurodegenerative disorders.
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